INTRODUCTION
Concern about gas discharges from waste tanks at the Hanford nuclear reservation has led to study of the mechanisms by which gas is trapped in and then catastrophically released from the sludge at the bottom of these tanks (1) . It appears that gas evolving within the sludge over a period of months is trapped by solid particles until the density of the sludge falls below that of the liquid above it. The sludge rises, reducing the hydrostatic pressure on its trapped gas, and as a result this gas expands by a factor of two or three.
Sometime during this expansion period most of the gas is released. If this picture is correct, then the trigger for the release of gas is either (a) gas volume fraction exceeding some threshold value or (b) the relatively rapid increase in gas volume (over a matter of minutes or hours), in contrast to the slow accumulation of gas before the event.
One plausible mechanism of gas trapping within the sludge is stabilization of gas bubbles by solid particles accumulated on the surfaces of the bubbles. This mechanism is the basis of froth flotation, used to separate crushed mineral ores in the mining industry (2). The study described here focuses on experimental study of the accumulation of solids at the liquid-gas interface in simulated Hanford tank sludge and the effect of these solids on the interfacial rheology of the waste, and on theoretical study of the conditions under which solids can stabilize a film of liquid between bubbles.
0B.TECTIVES
The specific objectives of this study are as follows:
Create simulated Hanford tank waste Observe accumulation of solids on bubbles surfaces in the waste and stabilization of these bubbles by these solids.
Measure interfacial dilational properties of solids-laden surfaces between of simulated waste and gas.
Develop a theory for the stabilization by solids of liquid films between bubbles.
APPROAC H Fxperi men ts
It is a well established fact that finely divided solid particles of colloidal dimensions play a significant role in stabilizing liquid-liquid emulsions (3-12). Stabilization occurs due to diffusion of these partially wet solid particles to the interface and formation of a rigid barrier that sterically prevents coalescence of the discontinuous phase. In addition, the presence of solid particles affects the interfacial rheological properties which in turn plays a significant role in the drainage of fluid from the thin liquid film between the approaching drops (or bubbles). A similar mechanism may be involved in stabilization of bubbles in
Hanford tank waste. The main objective of this experimental study is to determine the possible role of fine salt crystals in stabilizing the gas bubbles and thereby preventing the formation of a continuous channel for the gas escape as it is generated in the sludge. These experiments employed synthetic waste containing different concentrations of organics.
PreDaration of Svnthetic Waste
The simulants, whose compositions are listed in Table 1 below, were prepared using the procedure similar to that used at PNL (13) . They contained the major components listed in Table B (13) . The formulations are also roughly similar to those presented in Table 1 of Ref. (14) . In our work, EDTA was varied systematically from 0 to 0.17 M, maintaining the molar ratio of HEDTA to EDTA constant at 2.06. Thus total organics concentration varied from 0 to 0.52 M. The organics are the only components thought to have any surface activity. All the samples were prepared by heating the mixture to about 90" C for about 10 to 12 hrs and subsequently cooling it down to room temperature (about 25' C).
The gases generated during the process were not analyzed but vented, while any evaporated water was recycled through a condenser. After being set aside to settle for about 4 days each of the samples was sparged with dry nitrogen through a porous frit for about 30 seconds to observe the formation of any stable froth. The samples were analyzed under an optical microscope to observe the armonng of gas bubbles and to determine the approximate shape and size of the solid crystals. terfacial Dilational P r w r t i u . .
As mentioned earlier, the stability of an emulsion depends strongly on the rate of drainage of the continuous phase from the intervening film between the approaching bubbles. Film-thinning studies have shown that the rate of film drainage in turn is a strong function of interfacial-tension gradients, interfacial shear viscosity, and interfacial dilational viscosity (15) . It has also been observed that when the interfaces are even slightly mobile, the rate of drainage can be several orders of magnitude greater than that for an immobile interface. In addition, research has shown that interfaces containing surface-active agents and/or colloidal particles exhibit viscoelastic behavior (13) (14) (15) (16) (17) . This research shows that the dilational modulus, which is a measure of viscoelasticity, is the dominant parameter governing stability of crude-oil emulsions and foams compared to the effects of shear modulus or interfacial-tension gradients. The same studies show that when the interfacial layer exhibits both viscous and elastic properties, the mobility of this layer, and hence the stability of the emulsion, depends strongly on dilational elasticity of the interface.
A sudden change in the area of an interface can give rise to a sudden change in I interfacial tension, due to lower surface coverage of surface-active particles or molecules,
In the absence of any flow at the interface, this in turn gives rise to a surface pressure, which is defined as the difference between the interfacial tension before and after deformation. When this change in interfacial tension upon a change in area is accompanied by a relaxation mechanism, the interface exhibits viscoelastic behavior. These relaxation phenomena could arise from molecular reorientation at the interface and/or diffusion of surface-active molecules or solid particles along the interface or to and from the bulk fluid.
The viscoelastic modulus can be defined only in the frequency domain because the change in interfacial tension due to change in area depends on the rate at which the change in area occurs (21). It is a complex function of frequency, the real part of which is the dilational elasticity and the imaginary part is proportional to the dilational viscosity. The complete frequency spectrum can be obtained from the Fourier transform of the dynamic interfacial tension data. For purely elastic interface any variation in interfacial tension due to area change is instantaneous and the elastic modulus is identical to equilibrium or Gibbs elasticity, independent of frequency.
In this study, dynamic interfacial-tension data were obtained using the pulse-drop interfacial rheometer developed at the University of Texas at Austin (22) . The schematic of the apparatus is shown in Figure 1 . The principal components of the apparatus are an ultralow-range (0.125 psi) Validyne differential pressure transducer, a capillary tube (0.066 cm ID), a microliter syringe, and a computerized data-acquisition system.
The procedure involves a sudden expansion of the gas-liquid interface at the end of the capillary. The initial shape of the interface is made flat by adjusting the amount of fluid in the capillary using the microsyringe so that the pressure differential read by the transducer is approximately zero. The expansion is then carried out by suddenly injecting a known volume of liquid so that the liquid forms a hemisphere at the tip of the capillary.
The output from the pressure transducer is recorded at the rate of 10 data points per second over a period of about 20 to 30 seconds during which the reading reaches a steady equilibrium value. Data-acquisition software from National Instruments is used for this purpose. The above procedure was repeated at least five times for every sample of simulants. The average of these dynamic tension data were then analyzed with the help of a commercial digital signal processor for transformation into Fourier space.
. In order to study the effects of solid particles, special care had to be taken to ensure their presence at the interface. In some cases, this was accomplished by carefully placing a small amount of liquid containing the particles in suspension at the end of the capillary tube with the help of a microliter syringe. These experiments were also repeated at least five times for each sample and their average analyzed.
Thcorv
The objective of our theoretical work is to determine under what conditions solids can stabilize a film of liquid separating two gas bubbles that would rupture in the absence of the solids. The determination of the arrangement of solids of a variety of sizes and shapes and the geometry of the liquid-gas interfaces in such a film in there dimensions is extremely complex. Our approach is similar to that of Frye and Berg (23) and Levine and Bowen (24) . To simplify the problem for initial study, we made the following assumptions:
Two-dimensional (2D) geometry. In other words, the solids are cylinders arranged perpendicular to the plane of view. Figure 2 illustrates the arrangement assumed for the special case of liquid completely wetting the solid cylinders. The approach issimilar, though the formulas are more complex, for cases of finite contact angle, which are also included below.
If the two opposing liquid-gas surfaces between any pair of cylinders touch, the fdm ruptures.
The cylinders have identical radius Rp, although they need not be equally spaced along the film.
There is only one row of cylinders within the fiim.
The film is planar -i.e., the centers of the cylinders lie on a single plane. Contact angle 8 need not be zero, although for simplicity that case is shown in Figures 2   and 
3.
The contact angle of liquid on the solids is the same everywhere. There is no contact-angle hysteresis.
Gravity plays an insignificant role in fluid distribution on the length scale of the distance between individual particles.
With these assumptions, determining the geometry of liquid and solids arrangement on the film and the film's stability is an exercise in planar geometry. Figure 2 stabilized by solid cylindrical particles independent parameters 9, the angle of a ray from the center of the cylindrical solid to the liquid-gas contact line on the cylinder, and Q z a/Rp, the ratio of the distance between centers of solids (2 a) to the diameter of one cylinder (2 Rp). From these one can determine F, the force drawing the two cylinders together. This force has two components:
first, surface tension acting at the points of contact of liquid with a cylinder; and, second, pressure, specifically, the lower pressure in the liquid than gas, acting normal to the surface of cylinder everywhere it is in contact with liquid. Figure 3 illustrates these two forces for the special case of liquid completely wetting the solid cylinders (0 = 0). The approach is similar, though the formulas are more complex, for cases of finite contact angle.
R1/Rp, the ratio of radius of the liquid-gas surface to cylinder radius. This ratio is inversely proportional to capillary pressure Pc:
where y is surface tension.
V, the volume of liquid in the film between two solids.
There are three conditions for film stability:
1) If the opposite liquid-gas surfaces touch or cross between two cylinders, the f i l m breaks. In terms of the geometrical parameters defined in Figure 2 , this condition for stability is h > 0. This places an upper limit on capillary pressure, or, a lower limit on V, for a stable film between cylinders a given distance apart.
2) Any candidate for a stable distribution of solids must clearly have equal forces acting in both directions on any given solid. Thus if F1 draws adjacent cylinders A and B together, and F2 draws B to its other neighbor C, then the net force on cylinder B, i.e., (F1 -F2), must be zero. For cylinders placed unequal distances apart, e.g., with F1 and Q1 between cylinders A and B and F2 and 42 between cylinders B and C, the corresponding condition for stability is
&O-
The partial derivative (aF/aQ) can be evaluated at either constant capillary pressure, which is equivalent to carrying it out at constant R1/Rp, or at constant volume of liquid in the films, i.e., constant V. Although in the artificial 2D geometry posed here liquid could not flow from between one pair of cylinders to another, OUT intention is to model in a simplified way the stability of 3D films stabilized by spheres, not cylinders. For such a film, liquid can freely move along the film in response to nonuniform capillary pressure.
Therefore the condition of constant R1/Rp is probably more appropriate than constant V.
RESULTS AND DISCUSS ION ExDerimentS Bubble Stab ilization bv So lids in Sv nthetic Han ford Waste
Upon cooling the samples, no precipitate was observed for EDTA concentrations below 0.1 M. The solid particles in the samples containing higher concentrations of EDTA, viewed by microscopy, appeared to be between 1 and 3.5 pm in size. The few small, long-lived bubbles that were observed under the microscope all were completely covered by tiny crystals. These bubbles evidently were very long-lived, having survived in the synthetic waste for days or weeks. This suggests stabilization of the bubbles by solids.
Upon sparging the waste with nitrogen, a thick froth was formed that, however, mostly One of the important parameters of the frequency spectrum is the limiting elasticity, which is the asymptotic value of the elastic component as the frequency is increased. This is shown in Figure 10 as a function of EDTA concentration. It can be seen that when there are no solid particles at the interface, the limiting dilational elasticity tends to decrease with EDTA concentration. However, in the presence of particles there is a significant increase in the dilational elasticity, which also increases with EDTA concentration. A possible explanation for these observations is the increased hydrophobicity of the particle surface as the EDTA concentration is increased (14) . In other words, there is increased attraction between the particles at the interface which makes it more difficult for the particles to move apart from one another as the area of the interface is increased.
The dilational viscosity corresponding to the characteristic relaxation frequency is shown in Figure 11 . It can be seen that, although the dilational viscosity decreases with EDTA concentration, it is not significantly affected by the presence of solid particles at the The characteristic relaxation time is shown in Figure 12 . It can be clearly seen that, while EDTA alone has practically no effect, the relaxation mechanisms tend to be faster in the presence of solid particles with increasing EDTA concentration. This may also be explained on the basis of increased hydrophobicity of the particle surface: Le., the driving force for diffusion of these particles to the interface increases as they become less water wet. These observations, therefore, suggest that the viscoelastic behavior exhibited by the interface is predominantly due to diffusion of solids and not due to any reorientation process at the interface. Figure 13a shows the limit of stability (condition 1: h > 0) for films in terms of V, Le., the minimum liquid volume for stable liquid films between cylinders. Figure 13b shows the limit in terms of R@1; in effect, the maximum capillary pressure that films may support. Figure 13a shows that films with small, closely spaced solid particle can support substantial capillary pressures (large Rp/R1). For instance, with R1 = 10 pm, y = 90 mN/m and RP/R1= 10, Pc = 9 x 104 Pa, or about 13 psi. .f=,
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